
gg%£S:vr^^£-^^ 

CO 

o 

CO 
CM 
< 
I 
O 

MASTER COPY KEEP THIS COPY FOR REPRODUCTION PURPOSES 

REPORT DOCUMENTATION PAGE 
form Approved 

OMB No. 0704-0188 

■»-..CH'C ••«" ** 2v.'3»" ".r ■—t   •> »cr.'-r o*   '-, ;"*•*:.C"  1 *M.^«'M '0 I«»'*;« ' -Our o*r -«MCfW   «^\.<3ii*g tf« Vtr<* tor ^•.•ewir.q !nvruc::Gnv searc.-h«^ «, ,t:n<3 3.»!  
}.»?r»-«-*»j »<■<: -*•«'» ».-"} •-« ;«:i -e*c->3. l*<3 ::<i"0'«!i*g J^d •^•«.^g :*t ;jil*a'Ono< .n»of>.jt.gn    $**<J iom^en» 'M*fa<rq tf«>i Oyr«n »^Tin-its 3r ]*, )tn«f i%o«a O* :*M 

1.   AGENCY USE ONLY (L*ave ö/an*> 2. RiePORT DATE 3. REPORT TYPE   AND DATES COVERED 
Final    24    Sep87  - 23 Sep 90 

4. TITLE AND SU8TITLE 
Fundamental Investigation oi Micelles and Microemulsions 
in Supercritical Fluids 

6. AUTHOR(S) 

John Fulton 
Richard D. Smith 

'. PERFORMING ORGANIZATION NAME(S) AND ADDRESSES) 

Battelle Memorial Institute 
Pacific Northwest Laboratories 
P.O. Box 999 
Richaland, Washington 99352 

TJTTC 
ELECTED 

S.  FUNDING NUMBERS 

DAAL03-87-K-0137 

PERFORMING ORGANIZATION 
REPORT NUMBER 

9. SPONSORING. MONITORING AGENCY NAME(S) AND ADDRESSES) 

U. S. Army Research Office 
P. 0. Box 12211 
Research Triangle Park, NC 27709-2211 

10. SPONSORING/ MONITORING 
AGENCY REPORT NUM8ER 

ARO 24974.13-CH 

II. SUPPLEMENTARY NOTES 

The view, opinions and/or findings contained in this report are those of the 
author(s) and should not be construed as an official Department of the Army 
position, policy, or decision, unless so designated by other documentation. 

U*. DISTRIBUTION /AVAILABILITY STATEMENT j 12b. DISTRIBUTION CODE 

Approved for public release; distribution unlimited. 

II. A8STRACT (Maximum 200 words) 

The goal of this 3-year program has been to characterize the physicochemicai 

properties of microemulsions formed In supercritical fluids so as to determine their potential 

relevance to applications of Army laboratories. Included In this program has been an 

investigation of extraction and reaction processes utilizing microemulsions formed in 

supercritical fluids.   Supercritical fluid microemulsions may ultimately be applied to a range 

(Cont'd on reverse side) 

U. SUBJECT TERMS 

Micelles, Microemulsions, Supercitical Fluids, 
Supercritical Fluid Microemulsions 

17.   SECURITY CLASSIFICATION 
0> REPORT 

UNCLASSIFIED 

18.   SECURITY CLASSIFICATION 
OF THIS PAGE 

UNCLASSIFIED 

19.   SECURITY CLASSIFICATION 
OF ABSTRACT 

UNCLASSIFIED 

15. NUMBER OF PAGES 
9 

16. PRICE CODE 

20. LIMITATION Of ABSTRACT 

Ut 
NSN 75*0-01-280-5500 Standard form 298 (Rev   2-89) 



mMNS^swrnamueaiuBaa* 

of problems Involving waste disposal, decontamination technologies, solute extractions and 

chemical reaction processes. This program has Involved two related major activities: (1) 

exploration of selected ternary and quaternary systems composed of surfactant (and, possibly, a 

co-surfactant), water and supercritical fluids to characterize their physicochemical properties 

using analytical methods such as conductivity, quasi-elastic light scattering (QLS) and the UV- 

vlsible and FTIR spectroscopy of probe molecules within the microemulsion; and (2) study of 

the properties of mtcroemulsions formed in supercritical fluids relevant to the enhancement of 

extraction and reaction rates. 



FINAL REPORT 

FUNDAMENTAL INVESTIGATION OF MICELLES AND MICROEMULSIONS IN SUPERCRITICAL 
FLUIDS 

JOHN L FULTON 
RICHARD D. SMITH 

NOVEMBER 12, 1990 
lo 

UNITED STATES ARMY RESEARCH OFFICE 
RESEARCH TRIANGLE PARK 

NORTH CAROLINA, 27709-2211 

CONTRACT # DAAL03-87-K-0137 

BATTELLE MEMORIAL INSTITUTE 
PACIFIC NORTHWEST UkBORATORlES 

P. 0. Box 90S 
Riehiand, Washington   99352 



CONTENTS 

Page 

I. STATEMENT OF PROBLEM 1 

II. SUMMARY OF RESULTS 3 

Supercritical Fluid Microemulsion Characterization 3 

Extraction and Reaction Processes in Supercritical Fluid Microemulsions 4 

Relevance to Waste Recovery and Decontamination 5 

III. LIST OF PUBLICATIONS 6 

IV. PATENTS 8 

V. PARTICIPATING PERSONNEL 9 

Accession For 

RTIS GRAfcl 
DT1C TAB □ 
Unannounced Q 
Justification  

By  
Distribution/ 

7^ 

Availability Codes 

Dlst 

* 
.1 

Avail aud/or 
Special, 



I.   STATEMENT OF PROBLEM 

Exploratory research at Battelle-Northwest during 1985-1986 led to the discovery of 

the existence of microemulsion phases in supercritical fluids. These results initiated a three 

year study funded by ARO to characterize the potentially important properties of these systems. 

Microemulsions are clear, thermodynamicaily stable solution." generally containing 

water, a surfactant, and an oil (i.e., a nonpolar or low polarity fluid). The surfactant molecules 

form organized molecutar aggregates and preferentially occupy the interface between the oil and 

water phases. The oil and waler microdomains have characteristic structural dimensions 

between 2 and 100 nm. Aggregates of this size are poor scatterers of visible tight and hence 

these solutions are optically clear. Water-in-oil (w/o) microemulsions (which are 

predominantly oil) and oil-in-water (o/w) microemulsion (which are typically mostly water) 

can have a multitude of different microscopic structures; sphere, rod, or disc shaped structures 

and layered or bicontinuous structures are commonly attributed to specific systems. 

The combination of the unique properties of supercritical fluids (e.g., low viscosity, 

high-diffusion rates, variable solvent properties, etc.) with those of a dispersed microemulsion 

(or reverse micelle) phase creates a whole new class of solvents. The microemulsion phase 

adds to the properties of the supercritical fluid what amounts to a second solvent environment, 

which is highly polar and which may be manipulated using pressure. This second phase can 

itself manifest a wide range of solvent properties. Although supercritical fluids are very 

attractive for separation and reaction processes, owing to their density dependent properties, 

they are limited at moderate temperatures and pressure by their inability to appreciably 

soh/ate most moderately polar solutes and nearly all ionic materials. The addition of a dispersed 

stable droplet phase (forming a microemulsion) provides a convenient means of solubilizing 

highly polar or ionic species into the low polarity environment of the supercritical fluid phase. 

Hence the combination of supercritical solvents with microemulsion structures provides a new 

type of solvent with some unusual and important properties of potential interest to a range of 

technologies. 

The goal of this 3-year program has been to characterize the physicochemica! 

properties of microemulsions formed In supercritical fluids so as to determine their potential 

relevance to applications of Army laboratories. Included In this program has been an 

investigation of extraction and reaction processes utilizing microemulsions formed in 

supercritical fluids.   Supercritical fluid microemulsions may ultimately be applied to a range 



of problems involving waste disposal, decontamination technologies, solute extractions and 

chemical reaction processes. This program has involved two related major activities: (1) 

exploration of selected ternary and quaternary systems composed of surfactant (and, possibly, a 

co-surfactant), water and supercritical fluids to characterize their physicochemical properties 

using analytical methods such as conductivity, quasi-elastic light scattering (QLS) and the In- 

visible and FTIR spectroscopy of probe molecules within the microemuision; and (2) study of 

the properties of microemulsions formed in supercritical fluids relevant to the enhancement of 

extraction and reaction rates. 
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II.   SUMMARY OF RESULTS 

Work during the three years of this project has resulted In 11 publications in four 

different journals, two chapter: in two different symposium series and one U.S. patent. A list of 

ail publications and the patent are given in Sections 111 and IV of this report. Highlights of 

important results obtained during the four years of this study will be given in this section. For 

further details on these and other results the reader is referred to the relevant publications. 

Supercritical   Fluid   Microemulsion   Characterization 

Three new surfactant systems have have been identified and the microstructura of each 

system has been determined. The systems are based upon the following components: (1) 

polyethylene glycol dodecyl ethers(Ci2H03-e)/water/supercritical propane and ethane, (2) 

didodecyldimethylammonium bromide (DDAB)/water/supercritical propane and (3) 

tergitot/water/supercritical propylene. These systems have potential practical utility and are 

also of interest from a fundamental viewpoint. 

Regarding the structure of surfactant aggregates in supercritical fluids, the general 

conclusions of this study are that most of the structures known to exist in liquid microemulsion 

systems can be formed in supercritical fluids with one important difference. With 

supercritical fluids, the variation of the fluid density with pressure imparts some unusual and 

potentially beneficial effects to the system. The following structures have been identified in 

supercritical fluid microemulsion systems; (i) a water-in-oil microemufsicn containing 

nanometer-sized droplets of water encapsulated by surfactant, (ii) a bicontinuous 

microemulsion with a sponge-like network of water and oil on a nanometer size scale. 

Preriminary results have also been obtained for a unique fluid-and-water microemulsion 

systems (Beckman and Smith, J. Phys. Chem., submitted). The microstructure and solvent 

properties of these systems have been determined using spectroscopic techniques such a light 

scattering (DLS), Fourier transform infrared spectroscopy (FT-1R), UV-vis spectroscopy, and 

conductivity measurements. 

Variation of the density of the fluid phase changes the properties of the aggregate phase. 

For supercritical fluids, the low viscosity and high diffusivity of solutes give these systems 

excellent mass transport properties. Measurement of microemulsion droplet diffusion rates in 

fluids by light scattering have shown them to be 5-10 times higher than in conventional liquid 

microemulsions.   Variation of the fluid density changes the strength of the attractive interaction 
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between the droplets. As the fluid density is reduced the magnitude of the attractive interaction 

increases leading to a clustering of the microemulsion droplets. These microscopic effects can 

manifest themselves as changes in the reaction or extraction rates due to slowing of the diffusion 

rate of the cluster or by changing the mechanism of exchange between the droplets in the 

cluster. 

A particularly intriguing system is the DDAB/ water/ supercritical propane system. 

Variation of the amount of surfactant or the water-to-surfactant ratio induces a structural 

change from spherical, to rod, and finally to a bicontinuous structure. What is striking about 

this system is that moderate changes in the fluid density or pressure can also be used to change 

the microstructure. The electrical conductivity of this system changes by almost three orders 

of magnitude with small changes in pressure indicating a structural change from bicontinuous to 

micellar.  This system has interesting potential uses for reactions or electrochemical processes. 

For all systems studied, the stability of the microemulsion is critically dependent upon 

the density of the supercritical fluid phase. At relatively low densities the microemulsion is 

destroyed and a second, surfactant and water enriched phase forms on the bottom of the pressure 

vessel. This property is particularly attractive for separations and reactions requiring high 

recovery efficiency of the products. 

Extraction  and  Reaction  Processes  In  Supercritical  Fluids  Microemulsions 

This research has shown that a wide range of highly polar, high molecular weight solutes 

can be dissolved in the aqueous domain of a microemulsion formed in supercritical fluids. A 

major limitation to the use of supercritical fluids for reaction and extraction processes has 

been their inability to solvate polar solutes. This limitation has been essentially overcome with 

the formation of a microemulsion phase in the fluid. High molecular weight proteins are soluble 

in supercritical fluid microemulsions and they can be extracted with high efficiency from 

aqueous phase. Catalysts, which are generally so polar that they are completely insoluble in 

supercritical fluids, can be dispersed in tho microemulsions phase where they catalyze 

reactions in the droplet core or the surfactant interfacial region. This area of research, of 

tremendous potential importance, will be the subject of a "follow-on" proposal. 
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Relevance to Waste Recovery and Decontamination 

From the results of this study it will be possible to identify specific waste recovery or 

decontamination problems which can be addressed using supercritical fluid systems. From a 

perspective of waste recovery and particularly for extraction of waste from porous solid 

matrixes such as soils, the mass transport properties of supercritical fluids are very 

attractive. The solute polarity limitation of supercritical fluids has been overcome with the 

incorporation of a microemulsion phase so that with proper selection of the surfactant/fluid 

system a more specific hazardous waste containing component can be targeted. The ability to 

destroy the microemulsion phase with a small change in the system pressure to recover the 

solute is also particularly attractive for this application. The feasibility of using 

microemutsion/supercritical fluid systems for waste recovery must be assessed on a case by 

case basis and further laboratory experiments will be required prior to full-scale application 

of this technique. 

Microemulsions formed in supercritical fluids also have potential benefits for 

decontamination. A polar catalytic agent can be readily dispersed in aqueous microdomains 

formed in the supercritical fluid phase. In addition to the benefits derived from the excellent 

mass transport properties of these systems, they also have the potential of greatly increasing 

reaction rates for those reactions which are diffusion limited. These systems are particularly 

well suited for reactions involving molecular oxygen or hydrogen since both of these fluids are 

readily soluble in the continuous phase-supercritical fluid. 

Due to their recent discovery the present utilization of this new class of microemulsion 

systems is non existent. However as the beneficial properties of these systems become better 

known, we can safely predict that uniquely attractive applications will evolve in both the 

analytical and large scale process areas. 
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